Background
Introduction
The concomitance of anthroponotic transmission of visceral leishmaniasis (VL), a single species of sandfly as the only known vector for transmission, the largely localized geographic endemicity of the disease, the availability of field-based diagnostic tests and highly effective drugs for treating VL, together, favour the elimination of the disease as a public health problem in the Indian subcontinent through effective surveillance, early detection and treatment, and integrated vector control strategies [1] . Furthermore, historical evidence of near-eradication of VL in the 1970s following insecticide spraying for malaria control in the 1950s and 1960s in India supports the rationale for VL elimination in the Indian subcontinent [2] . In 2005, the Governments of Bangladesh, India and Nepal signed a memorandum of understanding to eliminate VL and set the target to reduce its annual incidence to less than 1 per 10,000 population (at the upazila level in Bangladesh, block level in India and district level in Nepal) by 2015 [3] . This political commitment was recently reinforced at a meeting of the Ministers of Health in September 2014 with the aim to make the Southeast Asia region including Bhutan and Thailand free of VL by 2017 or earlier [4] . Substantial progress has been made towards the elimination target in Bangladesh with only two out of 98 endemic upazilas reporting a incidence rate greater than 1 per 10,000 in 2015 (Table A in S1 Text). An external assessment of the national VL control program in Nepal conducted in 2015 indicated that all the 12 previously endemic districts have achieved the elimination target (Table B in S1 Text). On the other hand, despite a declining trend in the number of reported VL cases, 90 out of 456 blocks continue to report an annual incidence of more than 1 per 10,000 in India (Table C in S1 Text). Despite substantial progress, a major challenge evident from recent outbreak investigations and surveillance data has been the increasing emergence of new ecological niches of indigenous transmission in previously non-endemic regions of Bangladesh and Nepal [5] [6] [7] [8] [9] .
Research on VL and post Kala-azar dermal leishmaniasis (PKDL) has focused largely on the clinical and epidemiology aspects of the disease. A large body of research has evaluated diagnostics [10] [11] [12] [13] , potential biomarkers for treatment response of VL and PKDL [14] , treatment options [15] , and vector control [16, 17] . The parasite, vector species and alternative animal reservoirs for VL infection in Africa differ from that in the Indian subcontinent and research findings cannot be simply applied from one to the other [18] . Many questions remain about the natural history, the progression of asymptomatic Leishmania infection (ALI) to symptomatic VL disease, development of PKDL, the pathogenesis, the immune response to infection and disease [19] . Moreover, data on transmission dynamics, infectiveness and vector bionomics, role and duration of acquired immunity after infection are scarce, which limits the use of mathematical modelling to predict and inform treatment and vector control strategies for VL elimination [20] . Furthermore, the complex interactions of co-infection with HIV alters the transmission dynamics and increases the vulnerability of both infections to treatment failure and relapse and has the potential to thwart elimination efforts [21] [22] [23] [24] [25] . The emergence of parasite resistance to antimonials that led to a sharp increase of up to 65% treatment failure in a case series [26] [27] [28] seen in Bihar, India between 1980 and 1997, also suggested the potential for development of resistance to miltefosine [29] [30] [31] and liposomal amphotericin B [32, 33] . This could further alter the transmission dynamics and is a major concern for elimination efforts [34, 35] .
As countries progress towards the elimination target using current strategies of early detection and treatment of clinical disease and vector control, it is necessary to understand the consequences of under-reporting on planning and evaluating VL elimination strategies, the contribution of ALI to sustain transmission and emergence of new hotspots for infection [36] . It is equally important to understand the contribution of PKDL to transmission and its potential role as a reservoir of infection, to inform how long elimination efforts need to be continued and how they should be targeted to prevent recrudescence of new VL epidemics in the future [1] . The objective of this systematic review was to synthesize existing literature on transmission dynamics and relapse rates of VL caused by L donovani in the Indian subcontinent. In particular, the review focused on the role of ALI and PKDL as potential reservoirs for transmission so as to inform current strategies for achieving and maintaining VL elimination in the Indian subcontinent.
Methods
The Preferred Reporting Items for Systematic Reviews and Meta-analysis (PRISMA) statement was used to guide the process and reporting of this review (Table D in S1 Text) [37] . The broader outcome of interest was to systematically review information related to and affecting transmission dynamics of visceral leishmaniasis from the perspective of elimination. Primary outcomes reviewed were the role of ALI and PKDL as potential reservoirs and their contribution to transmission. Secondary outcomes of interest included the potential of HIV co-infection and relapse in altering the transmission dynamics, and vector bionomics related to transmission (Fig 1) .
We searched multiple databases (United States National Library of Medicine, Cochrane Library, WHO Library Information System, National Database of Indian Medical Journals) using different combinations of MeSH terms (with synonyms and closely related words) such as 'Leishmaniasis, Visceral', 'Disease transmission, Infectious', 'risk factors', 'relapse', 'recurrence', 'asymptomatic infections', 'Basic reproduction number', 'disease outbreaks', 'contact tracing', and text words such as 'transmission risk', 'disease progression', 'surveillance' etc. with and without restriction to MeSH terms 'Bangladesh OR India OR Nepal'. An example of a search query is shown in Table E in S1 Text. Duplicates were removed and two reviewers (SH, SQ) independently screened the title and abstract of all articles and determined eligibility. We also screened articles that showed up as related during the search. The full text of all eligible articles was further assessed by SH and SQ independently for inclusion. We also screened the references of all included articles to identify any new articles hitherto missed. We reviewed all the earlier reviews and the individual studies that were included in the past reviews. Articles were included based on consensus between SH and SQ. For multiple articles referring to the same study, we included the article with the most recent finding. However, we included all articles that referred to different aspects of the same study. The research community involved in visceral leishmaniasis research in the Indian subcontinent is small and well-networked. We requested researchers for information on ongoing studies and share preliminary findings or manuscripts in preparation or submission. We accessed meeting reports of the Regional Technical Advisory Group (RTAG) for Kala-azar elimination, research study findings that were presented at recent conferences and presentations made by country program managers at a WHO TDR meeting for the most recent update on VL status on the Indian subcontinent. We could not assess the extent of publication bias if any.
The scope and eligibility criteria for the review are given in Box 1.
Mathematical modelling of VL transmission
Data was extracted from the full text articles directly into a structured table under variables such as diagnostic used, seroprevalence, negative sero-conversion, asymptomatic to symptomatic ratio, risk factors / markers for ALI, progression to symptomatic VL disease, relapse, risk factors for relapse, infectiveness, etc. Simple proportions and risks (hazard ratio, risk ratio, odds ratio) as applicable and their range across different studies were used to describe the outcome variables of interest. We also compared the different mathematical models used for quantifying transmission dynamics with respect to their structures, data sources, assumptions, limitations, and predictions. We did not attempt a meta-analysis as the number of studies that focused on transmission dynamics, infectiveness were limited in the context of the Indian subcontinent. The risk of bias was ascertained using the Newcastle-Ottawa bias assessment scale for observational studies [38] and the Cochrane risk of bias assessment tool for trials [39] .
Results
The review covers Bangladesh, Bhutan, India and Nepal representing more than 73% of the global burden of VL in 2012 [40] . A total of 292 papers (including 5 meeting reports) were identified based on the multiple database searches as of 01 March 2016 of which 69 were excluded as duplicates or for other reasons. A further 90 papers were excluded (32 general reviews, 8 papers from outside the Indian subcontinent, 17 papers on risk factors for VL etc.) based on screening of the title and abstract. Another 30 papers were excluded (four were related to disease burden, six related to relapse etc.) after a full text appraisal. A total of 98 published and 5 meeting reports from 1942 to 2016 were included in the final review (Fig 2) . The assessment of the risk of bias in the included studies is shown in Tables F to I in S1 Text. Most cross-sectional surveys did not justify sample size or demonstrated comparability of non-respondents or comparability of the different outcome groups. The risk of bias due to loss to follow up was high from most cohort studies. Case-control studies did not report on the non-response rates.
Asymptomatic Leishmania infection-burden, risk factors, natural history, infectiveness
A total of 31 articles including two reviews were identified. ALI lacked a reference standard and appropriate biomarker. It was variably ascertained by a positive serology test (rk39 ICT, rk39 ELISA or DAT), PCR, qPCR or LST in an otherwise healthy individual from an endemic area [41, 42] . Only one study established the specificity of the assay on non-endemic controls
Box 1
We included studies on VL and PKDL:
• from Bangladesh, Bhutan, India and Nepal
• articles in the English language
• articles related to the burden of ALI and PKDL-their markers (excluding genetic markers) and risk factors
• related to the natural history and transmission dynamics of VL-the infectiveness of the ALI and PKDL
• on co-infection with HIV and relapse following VL and PKDL
We excluded studies on VL and PKDL that focused solely on:
• burden, clinical aspects and epidemiology of VL and outbreak investigations
• evaluated diagnostics
• clinical drug trials (except to estimate relapse rate)
• evaluated early detection, treatment and vector control program strategies
The following topics were beyond the scope of this systematic review:
• pathogenesis and immunogenicity of VL and PKDL
• bionomics of the Ph. argentipes vector
• mother to child transmission and transmission through blood transfusion [43] . Individuals with past history of VL were often but not always excluded from serological surveys. Table 1 gives the prevalence and incidence of ALI by country and by the different tests and thresholds used to ascertain infection. The majority of studies from which prevalence was estimated were not population based. Seropositivity among endemic healthy controls in diagnostic evaluation studies were also included for estimating prevalence of ALI. The seropositivity as measured by antibody response to rk39 antigen was 7.4% [44] . The seropositivity as measured by antibody response to the saliva antigen of the sandfly vector ranged between 43.5-63.2%; this is a proxy for human exposure to sandfly but not necessarily infection [45] . The prevalence of ALI was 34.8% and 3.8% for a parasitaemia of >0 and >1 parasite genome/ mL on qPCR respectively [46] . The prevalent ALI cases outnumbered that of prevalent symptomatic VL cases by a factor of 4.0 in Bangladesh, 13 in Nepal and ranging from 7.6 to 17 in India [47, 48] . The ratio of incident asymptomatic infection to incident clinical disease increased with decreasing incidence rates of VL (Table J in S1 Text). However, more standardized and validated tests are needed to establish more accurately the prevalence of ALIs [46, 49] . The risk of ALI was significantly higher (OR ranging from 1.25-5.5) in individuals in close contact (household member) with a known VL case [50, 51] or with the presence of other seropositive or recently sero-converted individuals in the household (OR 1.37-2.22) [52] indicative of spatial and temporal clustering of infections [49, 53] . Livestock ownership was associated with a lower risk for infection (OR 0.4-1.0) [54] in Nepal but a significantly higher risk (OR 1.16-2.1) in India [55, 56] . In contrast, a higher cattle density in the community had a protective effect against infection in Bangladesh (OR 0.97) and Nepal (OR 0.63) [47, 51] . Risk factors associated with VL such as poverty, low socioeconomic status, malnutrition, poor housing conditions, damp floors, mud walls, sleeping on the floor, sleeping outside and proximity to water bodies, also significantly increased the risk for ALI [51, 52, 55, 57] . Most infections remained asymptomatic [42] . Spontaneous resolution (sero-reverting from positive to negative status) was seen in 33-86.7% of ALI within a year [41, 48, 62, 66] . The proportion recovering spontaneously was lower for ALI with higher antibody titres [47] . On the other hand, the proportion of ALI that progressed to symptomatic disease within one year ranged between 1.5-23% [44, [48] [49] [50] 58, 62, 68] . It was higher (18.8-69 .1%) amongst seropositive contacts of VL compared to seropositive non-contacts (5-38%) [58, 66, 77] . Seropositive contacts were 1.64-4.82-fold more likely to progress to clinical disease compared to seropositive Immune and other markers
Parasite markers -parasite load (>5genome equivalent/mL) [46, 76] non-contacts of a known VL case [47, 49, 62] . Anti-leishmania antibody titres were strong predictors of progression of ALI to symptomatic VL disease. Healthy but seropositive individuals with moderate antibody titres as measured by DAT were up to 5-times, and those with high titres were 8-40-times more likely to progress to symptomatic disease than those who were seronegative [44, 46] . The risk for progression to symptomatic disease was significantly greater (up to 9 and 111-fold for moderate and high titres respectively) despite the small numbers amongst sero-converters [44, 48] . Raised levels of immune cytokines and chemokines such as interferon-γ, nitric oxides, C-reactive protein and lowered levels of TNF-α, interleukin-2 and interleukin-4 were other potential markers for progression of ALI to clinical disease [47, 81] . Parasitaemia levels were 500-fold lower in ALI than in active VL disease; individuals with a parasitaemia >5 parasite genome / mL were at higher risk of developing clinical VL [46, 76] . Xenodiagnostic studies or artificial feeding experiments were limited in scale and number. In one study, 5.3% of a total of 258 laboratory-bred Ph argentipes became infected when fed on active VL patients [82] . There were no studies from the Indian subcontinent that quantified the infectiveness potential of infected asymptomatic individuals. Mathematical transmission models estimated the infectiveness of an early (PCR+, DAT-) and late asymptomatic infected (PCR+, DAT+) individual to be 2.5 and 3.3% assuming that a VL patient would infect 100% of sand flies feeding on them [83, 84] . The model further assumed that the relative infectiveness of an early asymptomatic infected (PCR+ but seronegative) individual was half of that of a late asymptomatic infected individual.
PKDL-a reservoir for infection?
PKDL is hypothesized to be the reservoir for the Leishmania parasite and was incriminated in the resurgence of VL in West Bengal, India in the 1990s following discontinuation of insecticide spraying [85] . A total of 35 studies on PKDL including 6 reviews were identified. Except for one longitudinal study each in Nepal and India, most studies were cross-sectional surveys or based on surveillance data. There was no standard case definition for PKDL diagnosis, though operational case definitions are available from the WHO since 2010 [86] . All rk39 positive cases, with or without a past history of VL, with skin lesions suggestive of PKDL were considered probable PKDL by most studies. Confirmed PKDL required the demonstration of parasite in the skin lesion. Table 2 summarizes the findings of burden, natural history, risk factors and infectiveness of PKDL. The prevalence of confirmed PKDL ranged between 4.4-4.8 per 10,000 population in Bangladesh and India [87] [88] [89] . The incidence of PKDL has been estimated to be 0.1 per 10,000 (Table K in S1 Text). The development and natural history of PKDL showed wide variability. The proportion of PKDL without a preceding history of VL was between 3.8-28.6% [90] [91] [92] [93] [94] . The proportion of treated VL cases who developed PKDL within a year averaged 1-3% [95, 96] . The mean period from VL treatment to development of PKDL was 1-4 years. The duration to development of PKDL did not differ by the drug used for VL treatment. The duration was slightly longer for nodular PKDL (34mo) compared to macular or papular PKDL (22.8-23.8mo ). Active surveillance of a population of 24,814 individuals in Bangladesh between 2002 and 2010 identified 98 untreated PKDL patients, 48 (about 49%) of whom resolved spontaneously with a median time of 19 months [91] . The younger age group was more likely (17.1%) to develop PKDL compared to older VL cases (12.5%). They also developed PKDL earlier (27mo compared to 50mo) [87] . Family history of VL and clustering was a significant risk factor for development of PKDL [88, 94] . Inadequate treatment of VL with antimonials was associated with a 11.6-fold higher risk of developing PKDL [96] .
We identified two xenodiagnostic studies done on PKDL patients from the Indian subcontinent. The proportion of sandfly getting infected after feeding on PKDL patients in an experimental setting ranged from 32-53% with the highest rate of infection of the sandfly seen on the 4 th day post-feed [101, 102] . For lack of data, transmission dynamics modelling studies assumed the infectiveness of PKDL to be either 50 or 100% in order to estimate other parameters of interest such as infectiveness of the asymptomatic stage of infection [84] . One of the model variants was structured in a way to assume that only VL and PKDL (but not ALI) contributed to transmission. With this and other assumptions of sandfly density, biting rate, life expectancy etc., the infectiveness of PKDL relative to VL was estimated by this model variant to range between 2.32-2.72 [83] .
Relapse-a potential threat to VL elimination?
A total of 20 studies relevant to relapse including eight drug trials and six cohort studies were identified from the Indian subcontinent. There was no standard case definition for relapse. Most studies required demonstration of the parasite to confirm a relapse following either a clinical cure or parasite cure at the end of treatment for VL or PKDL. VL relapse. The 1 year cumulative incidence of VL relapse following VL treatment with antimonials ranged from 0.14-1.67% [103] [104] [105] [106] . A relapse rate of up to 3.7% and up to 20% was seen following treatment with liposomal amphotericin and miltefosine respectively ( Table 3 ). The relapse incidence was higher (8.1-67%) for HIV-co-infected individuals [103, 107] . The mean duration from VL treatment to relapse ranged from 3.75 to 10 months with 68% relapsing within a year following treatment with liposomal amphotericin [29, 32, 108] . The risk of relapse was higher (OR 1.94-3.54) in children, and those who presented with a shorter duration of symptoms prior to VL treatment [108, 109] . The risk of relapse was higher (16% at 1y, 20% at 2y and 26% at 4y) for individuals with HIV co-infection [9, 21, 110] . L donovani antigen-specific IgG1 levels were significantly elevated in treatment failure and relapsed cases compared to cured VL patients [111] . Similarly, a rise in anti-rk39 antibody titres to levels higher than pre-treatment levels following treatment indicated treatment failure and relapse [64] . Quantitative PCR could potentially define thresholds for parasite load to predict relapse but there were no studies from the Indian subcontinent [21] .
PKDL relapse. The cumulative incidence of a PKDL relapse following PKDL treatment ranged from 0-12.5% [9, 92] . Two of the 9 (22%) PKDL patients detected in a house to house survey were relapsed cases of PKDL [88] . There was no correlation between the miltefosine dosage used for treating PKDL and PKDL relapse [92] . However, the proportion of PKDL relapse following a 3mo PKDL treatment with miltefosine was significantly higher (43%) compared to PKDL patients treated with 4mo of miltefosine [121] . There were two case reports of recurrence of VL following PKDL possibly triggered by immunosuppression due to concurrent infection [123] . A higher proportion of macrophages infected with the parasite was reported in relapse. There was no difference in the parasite genotype but some phenotype changes and increased meta-cyclogenesis was seen [30] .
Parasite resistance to drugs has also been studied as a potential cause for relapse. Overall, promastigote survival was significantly higher in intracellular amastigote cultures obtained from PKDL compared to VL patients. More importantly, promastigote survival was significantly higher in isolates from relapse cases compared to pre-treatment isolates (Table 3 ) [122] . In contrast, there was no difference in parasite survival between cured VL and relapse cases [31] . One transmission modelling study that modelled the effect of drug-resistant parasites on treatment failure rates, simulated different scenarios where either disease-related factors, pathogenicity (resistant parasite would cause more VL cases compared to susceptible parasite) or virulence (symptomatic VL case with resistant parasite would infect more sandfly) or transmission-related factors (asymptomatic or symptomatic host will infect more sandfly or sandfly will infect more host) were varied to predict the effect of drug resistance on treatment failure rate. The study concluded that increased transmissibility of resistant parasites (and not antimonial resistance alone) was the most likely reason for the unusually high treatment failure up to 65% seen in India between 1980-97 [27, 34] .
Modelling transmission dynamics for planning and evaluation of VL elimination
We reviewed seven modelling studies that used data from the Indian subcontinent [34, 80, 83, 84, [124] [125] [126] [127] . Transmission was modelled to quantify the levels and consequences of under-reporting, to quantify and predict the effect of different treatment or vector control strategies on VL incidence and / or prevalence and to ascertain the potential of ALI and PKDL as reservoirs of infection. All models were deterministic albeit with slightly varying [124] . As a result, 3-5 districts were misclassified as high or low risk. Furthermore, the model predicted that the population density, health infrastructure, literacy level of the district had no effect on the extent of under-reporting which was sensitive to changes in VL endemicity levels. Community-based surveys reported an actual under-reporting of VL cases by a factor of 8.13 in 2003 [128] and 4.17 in 2005 in Bihar, India [129] . More than 85% of VL patients sought treatment from the public sector and was consistent with a downward trend in under-reporting, which was largely attributed to the free availability of VL drugs in government facilities under the elimination program [35] . Any attempt at interpreting the current reported disease trends should take into account this drastic change in underreporting ratio.
Assuming that clinical cases were responsible for the bulk of transmission, country-specific empirical data on health seeking behaviour was used to parameterize a transmission dynamics model to predict the effect of very early diagnosis (when non-specific symptoms such as fever appeared before the classical signs and symptoms of VL) and to characterize the profile of a potential diagnostic product [126] . Patients in Nepal, typically first presented with VL symptoms to the health system and had a shorter duration of onset of symptoms to diagnosis and treatment, whereas in India, patients sought care earlier at the stage of non-specific symptoms, and experienced delayed diagnosis and remained untreated for a longer duration [130] . The study shows the importance of earlier diagnosis and prompt therapy in VL elimination but also the risk that reduced transmission will expose the population to future epidemics, with waning herd immunity if vigilance is not maintained and diagnostic delays increase-a factor which might further delays the detection of an epidemic.
The models shows that the importance of novel diagnostics that can detect the infection in asymptomatic carries before they develop full VL, where high specificity is at a prime, even if sensitivity is relatively low. The reason is that the challenge of early testing with the intention of treating is to avoid false positives, especially with decreasing prevalence.
Transmission dynamics was modelled to predict the effect of treatment of VL and PKDL patients on VL elimination, simulating different scenarios of detection delays, varying duration of treatment regimens, varying rate of treatment failure and relapse [84] . The model was fitted to the KALANET data to predict a best-case treatment scenario (early case detection, shorter duration, and more efficacious treatment) to reduce VL prevalence but no effect on the prevalence of ALI. Such a scenario reduced PKDL incidence from 1 to 0.6 per 10,000 but had a minimal effect on VL incidence (the benchmark for the elimination program). The model predicted that transmission was predominantly driven by asymptomatic infected individuals and early case detection and treatment had no substantive effect on overall transmission. A variation of this model which tested the assumption of PKDL (as opposed to ALI infection) as the reservoir of infection predicted that ALI contributed to 82% of the overall transmission compared to 10% by symptomatic VL and 8% by PKDL patients [83] . Transmission dynamics was similarly modelled to predict the effect of different vector control strategies on VL elimination simulating different scenarios of optimal and sub-optimal IRS under varying endemicity levels and different assumptions of infection reservoirs. The transmission of the parasite between the host and sandfly was dependent on the infectiveness of the host or of the sandfly with a single bite, the mean biting rate and the sandfly density. The biting rate was assumed to be 0.25 / day (inverse of the feeding interval assumed to be 4 days [131] ) and the latency period in the sandfly was assumed to be 5 days [132] . The elimination target could be achieved if the sandfly density was reduced from 5.27 to 1 per human, the life expectancy of the sandfly halved from 14 to 7 days, or the interval between blood feeds for the female sandfly doubled from 4 to 8 days or by a combination of any of these [84] . Entomology surveys estimated a prevalence of infected sandfly to range from 4.9-12% [64, 71, 133, 134] . Table 4 gives details of sandfly abundance, distribution and feeding behaviour and risk factors affecting sandfly density. The effect of vector control on reducing PKDL prevalence would be delayed due to the latency between recovering from VL and developing PKDL. The same model estimated the basic reproduction number (R 0 ) as 4.71 (95% CI: 4.1-5.4). The effective reproduction number (R e ) was reduced non-linearly by IRS and LLINs and linearly by environmental management for vector control [125] . The model predicted that VL would be eliminated if the sandfly density was reduced by 67% (95% CI: 60-72%) by killing the sandfly with IRS or LLINs or if the sandfly density was reduced by 79% (95% CI: 75-82%) by reducing their breeding sites with environmental management for vector control or by a combination of these. Compared with these model predictions, the actual reduction in sandfly density of 24.9-43.7% with LLIN [135, 136] and 42% with environmental management for vector control [136] seen in intervention trials (Table 4) , would not be sufficient to reduce transmission to achieve the VL elimination target. However, the sandfly reduction of 72.4% seen in the intervention trial [136] with IRS would be adequate to reduce the transmission level (R e <1) to achieve elimination. A more recent model designed to test different scenarios of optimal and sub-optimal application of IRS (sandfly density reduced by 63% and 31.5% respectively) in varying endemicity settings predicted that optimal use of IRS reduced the VL incidence by 25% and 50% at 1y and 2y respectively at all endemicity levels [83] . VL incidence continued to decline as the burden of ALI became less. However, the decline in VL incidence was slower if PKDL (not ALI) was assumed to be the main reservoir of infection. The model predicted VL elimination with 4 -6y of optimal IRS or 10y of sub-optimal IRS and only in low endemic (VL incidence < 5 / 10,000) setting whereas VL was not eliminated even with 12y of optimal IRS if PKDL were assumed to be the main reservoir of infection. A longer period to development of PKDL, a longer PKDL duration increased the transmission pressure to slow down the decline in VL incidence. Model predictions of VL elimination by IRS depended on the assumptions about the main reservoir for infection (ALI or PKDL) and were sensitive to other model assumptions such as the proportion of ALI progressing to symptomatic disease and the proportion of VL developing PKDL. However these predictions were robust to assumptions of infectiveness of early asymptomatic relative to that of late asymptomatic stage.
Discussion
We identified eight systematic reviews including two Cochrane reviews-five reviews were on diagnostic tests and biomarkers, and one review each on treatment options, risk factors, and vector control. This is the first systematic review of transmission dynamics from the perspective of VL elimination in the Indian subcontinent.
The burden of ALI relative to active VL disease was high in the Indian subcontinent. The thresholds for serodiagnosis were originally defined for active VL disease and need to be validated for diagnosis of ALI. Studies of ALI were hampered by lack of a reference standard and appropriate biomarker which also hampers the evaluation of any new assay. However, any assay used could at least be evaluated to be 100% specific in a sufficiently large group of nonendemic controls. Molecular techniques such as PCR and q-PCR are now increasingly used to diagnose early ALI with parasitaemia levels as low as less than one parasite genome per mL of blood. At such low levels, it would be important to know whether the parasite DNA detected by PCR was from a metabolically-active parasite and not just a residual DNA from a dead parasite. The parasite load in ALI was reported to be 500-fold lower than that in active VL disease [76] . A study from Ethiopia that modelled the L donovani parasite load in the blood of asymptomatic and symptomatic individuals to estimate their infectiveness to the sandfly species Ph orientalis predicted that 3.2% of the most heavily-infected individuals (parasitaemia levels greater than 500 parasites genomes / mL) were responsible for 62% (95% CI: 53-79%) of the infected sandfly population [157] . Based on the parasite load threshold of <5 per mL for ALI [76] , this implied that symptomatic infection was the predominant driver for transmission and by implication treatment of symptomatic VL cases would be most effective to reduce transmission. Nevertheless, AVL may continue to act as a hidden reservoir of infection which will build up to eventually lead to another epidemic outbreak in the presence of vector abundance. The infectiveness of HIV-Leishmania co-infected patients maybe higher due to higher parasitaemia levels [158] . Laboratory studies from Ethiopia suggest a L donovani parasite load of 20,000 per mL of blood in the host is required to infect the sandfly species Ph orientalis [159] . Infectiousness was seen to be correlated with parasite loads in dogs exposed to natural L infantum infection [160] . The threshold for parasitaemia at which a sandfly that ingests less than 1 μL of blood during a feed on an infected host can get infected needs to be defined through xenodiagnostic studies or artificial feeding experiments. Studies using different modelling approaches, assumptions and data sets gave contradictory results-one study predicted that ALI contributed to 82% of the overall transmission whereas another study predicted that 3.2% of infected human VL cases with the highest parasitemia were responsible for 62% of all the infections in sandfly [83, 157] . It seems likely that only those persons with very high parasitaemia would serve as effective reservoirs infecting the sandfly [161] . Nevertheless, even if the transmission potential for ALI is relatively low compared to active VL or PKDL when prevalence is high, their potential should not be underestimated as they represent a large reservoir of infection [162] . There is now evidence from outbreak investigations in new eco-niches that suggest that local transmission can be maintained in isolated communities in the absence of VL or PKDL cases [8, 163] . Further research is needed to define markers and thresholds for defining ALI, for infectiveness to the sandfly and to predict the potential for progression of ALI to symptomatic VL disease. PKDL is a poorly understood sequelae of VL. Most of the evidence on the natural history of PKDL came from epidemiological and clinical studies. Given the long and variable duration to the development of PKDL, it is logistically difficult to conduct longitudinal studies. Research on PKDL is also hampered by a lack of a validated definition, appropriate biomarkers, and standardized definition for treatment end-point and cure. Some case definitions biased the selection of PKDL cases to only those with a past history of VL treatment. Nevertheless, the burden of PKDL in the Indian subcontinent was considerable. It was suggested that as few as 0.5% of PKDL cases during a VL epidemic can potentially sustain transmission to make VL endemic [164] . Differences in methodology to detect PKDL cases (active case detection in Bangladesh, passive surveillance based on patients with the more severe nodular form of PKDL reporting to health facilities in India), differences in treatment practices for VL (antimonial treatment for 3 weeks in Bangladesh compared to 4 weeks in India and Nepal), and treatment compliance may partly explain the higher PKDL burden seen in Bangladesh compared to India and Nepal. Further research is needed to understand differences in pathogenesis of PKDL within the Indian subcontinent. It has been presumed that PKDL is a potential reservoir for infection that may trigger a recrudescence of the disease post-elimination as was seen in the 1990s in India. On the other hand, PKDL has not been identified as the source of outbreaks in previously non-endemic areas in the last two decades. There are many unresolved issues for PKDL. The continental differences in the pathogenesis, immune response and transmission of PKDL prevent extrapolation of findings from Africa to the Indian subcontinent [165, 166] . The potential role of qPCR in predicting the development of PKDL needs to be studied. The parasitaemia threshold for infectiveness of PKDL needs to be defined as parasites are more likely to be in the skin lesions relative to their presence in blood. Moreover, the infectiveness thresholds are likely to differ for the nodular form of PKDL compared to the maculo-papular form which is far more frequent in the Indian subcontinent. Experimental studies have shown that 32-53% of laboratory bred sandfly were infected after feeding on PKDL patients [101, 102] . Modelling studies have assumed the infectiveness of PKDL to be the same or half of that of an active VL case. Further research is needed to define markers and thresholds for the development of PKDL and their infectiveness to the sandfly to better understand the role of PKDL as a potential reservoir especially in the maintenance phase of VL elimination.
The demonstration of parasite in the blood of domestic animals and the significant spatial clustering of PCR-positive animals and humans suggests domestic animals as an alternate reservoir for an infection thought to be only anthroponotic in transmission on the Indian subcontinent [53] . In mixed dwellings where cattle sheds are attached to the house, 66% of the blood meals of the sandfly was of bovine origin whereas 19% of the sandfly fed on human [145] . In contrast, 81-92% of the blood meals were of bovine origin from cattle sheds compared to 49-100% blood meals of human origin in human dwellings [145, 167, 168] . Domestic animals could increase transmission pressure by virtue of being an untreated reservoir for the parasite. Proximity to domestic animals may also increase sandfly density, and as a result transmission, due to increased availability of blood meals for the sandfly as well as organic manure for breeding of larvae and resting. On the other hand, proximity to domestic animals may lower transmission by altering sandfly feeding behaviour and lessen the human exposure to sandfly [36, 47, 51] . Even in the scenario where domestic animals are just reservoirs for infection without zoonotic transmission, they could be a potential threat to VL elimination unless they alter sandfly feeding behaviour and lower human exposure to sandfly bite. Further research is needed to understand the potential of domestic animals as a reservoir for infection and its complex effect on VL transmission.
Though the burden of relapse is relatively low following treatment with miltefosine or liposomal amphotericin, it is important in the context of transmission dynamics. First, relapse contributes to the overall infective pool of parasite in the host that is available for transmission to the sandfly. Second, in HIV positive individuals who are not on antiretroviral therapy, VL relapse increases the risk of transmission because of the suppressed immunity and higher parasite load and unresponsiveness to drug treatment [21] . Third, the possibility of parasite resistance to anti-Leishmania drugs seen in patients with HIV co-infection experiencing relapse may be an important reservoir for drug-resistant parasite by being parasitaemic for longer periods or for their increased risk to develop PKDL [169] .
Treatment outcome measures should be standardised; the case definition of relapse varied among studies. Initial cure was assessed on clinical resolution and / or parasitological cure at intervals ranging from 1-2 months post-treatment [112, 113] . Final definitive cure was assessed clinically at intervals ranging from 6-12 months post-treatment [32, 108] . Most studies were hospital-based and could not differentiate between reinfection, reactivation and relapse [31] . They were not powered or designed to follow up patients post-treatment long enough to estimate relapse rates. Though the burden of VL-HIV co-infection is relatively lower on the Indian subcontinent than in Africa, the importance for monitoring for relapse and emergence of drug-resistant parasites cannot be overemphasized.
The interest in modelling VL transmission to inform VL elimination program strategies is recent and comes primarily from two groups of modellers from the Neglected Tropical Diseases Modelling Consortium. The proportion and progression of the various infective stages in transmission cycle, the persistence of antibodies and acquired immunity following infection, the host and vector infectiveness profile need to be based on large well-designed and powered longitudinal field trials so as to better parameterize the model [20] . Models on vector control measures do not consider the duration of the post-intervention effects relative to the duration of infectiveness by individuals (whether VL, ALI or PKDL) if not 'removed'. Current models need to be further refined to allow for stochastic variation, factor-in the effect of temporal and spatial clustering of cases, and the effect of acquired immunity on transmission dynamics. Further research is needed on vector bionomics, the potential role of an alternate animal reservoir for infection and its complex effect on transmission dynamics.
Our review, though systematic, was subject to several methodological and substantive limitations. First, we restricted our review to literature in the English language. However, we were aware that the majority of the research work on VL in the Indian subcontinent has come from a relatively small community of researchers and institutes historically and as we contacted the key persons in this network for additional information, it is unlikely that we may have missed out on any substantive evidence. Second, as we restricted the scope of our systematic review to the Indian subcontinent, we may have missed out on some lessons learnt from VL studies in other continents, lessons that could be partly or wholly extrapolated to the Indian subcontinent. Third, we did not do a systematic review of the sandfly biology component of the transmission cycle. We hope this component will be covered in a separate systematic review. Fourth, we did not cover other reported modes of transmission such as through blood transfusion [170] , organ transplant [171, 172] , laboratory accidents [173] and the occasional reports of mother to child transmission [174] . These transmission routes are very rare. The mechanical transmission of the Leishmania parasite through syringes used by intravenous drug users is probably more relevant [175] . Though currently not yet problematic, the rising number of HIV-Leishmania co-infections is gaining importance in the region as also in the risk group of IV drug users is present in more urban communities.
As progress towards VL elimination gains momentum, there are many ongoing and planned research efforts aimed at improving treatment and vector control strategies [9] . Research is ongoing for improved diagnostics and identifying biomarkers for ALI. A longitudinal study in Bihar, India is following a cohort of asymptomatic cases in households with and without current or past VL case using q-PCR to assess the parasite load thresholds for progression of ALI to VL disease. Another longitudinal study of VL and PKDL patients in Bangladesh is ongoing to estimate relapse rates and risk factors. The role of treating livestock to interrupt transmission is being investigated. A transmission dynamics study and evaluation of the impact of disease elimination is being planned in endemic villages of Bihar in India. Research is now focused on investigating new outbreaks in hitherto non-endemic areas to understand the source and risk factors for the indigenous transmission dynamics. Modelling groups are working towards refining their models to simulate the effects of scenarios that could be a potential threat to elimination efforts. All these and other planned and ongoing research are urgently needed to help national programs to achieve and maintain elimination of VL in the Indian subcontinent.
Conclusion
The burden of ALI is considerable. Longitudinal studies are necessary to identify biomarkers for infectiveness and for progression of ALI to symptomatic VL disease. More research is needed on the immune response to VL and PKDL to identify biomarkers for development of PKDL. Xenodiagnostic studies are necessary to quantify the infectiveness of ALI and PKDL to sandfly relative to symptomatic VL, and their contribution to overall transmission. Even though domestic animals are seen to be infected, there is no evidence of their role in anthroponotic transmission in the Indian subcontinent. Relapse rates need to be monitored for their potential to contribute to transmission and for the emergence of drug-resistant parasites in the context of HIV co-infection. Availability of better data from large well-designed longitudinal studies for modelling would contribute to a better understanding of the impact of treatment and vector control strategies and potential threats to VL elimination in the Indian subcontinent. (Table D) , Strategies and keywords used for literature search (Table E) , Potential risk of bias in studies (Tables F to I) , and Modelling transmission of Leishmania donovani infection in the Indian subcontinent (Table L) . (DOCX)
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